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T 2 Å and a = 6.7323 (7) + 8.5 (4) Â 10 À5 T + 3.8 (5) Â 10 À8 T 2 Å for Mg 2 Si and Mg 2 Sn, respectively. The atomic displacement parameters (ADPs) are reported and analysed using a Debye model for the averaged U iso giving Debye temperatures of 425 (2) K for Mg 2 Si and 243 (2) K for Mg 2 Sn. The ADPs are considerably smaller for Mg 2 Si than for Mg 2 Sn reflecting the weaker chemical bonding in the Mg 2 Sn structure. Following the heating, an annealing effect is observed on the lattice parameters and peak widths in both structures, presumably due to changes in the crystal defects, but the lattice thermal expansion is almost unchanged by the annealing. This work provides accurate structural parameters which are of importance for studies of Mg 2 Si, Mg 2 Sn and their solid solutions.
Introduction
Mg 2 Si and Mg 2 Sn are the two end members of Mg 2 Si 1Àx Sn x solid solutions which have attracted much attention as promising thermoelectric materials to be applied in power generation from waste heat recovery. The thermoelectric Mg 2 Si 1Àx Sn x compounds are especially attractive due to the earth-abundant, low-cost and non-toxic constituent elements as well as high thermoelectric figure-of-merit, zT, which can reach values larger than unity in n-type Mg 2 Si 1Àx Sn x solid solutions (Zaitsev et al., 2006; Søndergaard et al., 2012; Liu et al., 2012 Liu et al., , 2013 . In addition, narrow-gap semiconducting Mg 2 Si and Mg 2 Sn are candidates for infrared optoelectronic devices .
Detailed structural information of the end members Mg 2 Si and Mg 2 Sn is important in structural studies of the more complicated Mg 2 Si 1Àx Sn x solid solution compounds (Andersen et al., 2017) as well as for understanding their properties and applications. For applications in thermoelectric modules, structural information such as thermal expansion and structural stability is essential (Søndergaard et al., 2013b; Imai et al., 2015; Andersen et al., 2017) . Recently, Imai et al. (2015) reported precise thermal expansion coefficients for Mg 2 Si from 293 to 873 K. However, there is still a lack of precise experimental information on thermal expansion for Mg 2 Sn as well as the dynamic behavior (thermal motion) for both Mg 2 Si and Mg 2 Sn. Here, we present a multi-temperature structural study of Mg 2 Si and Mg 2 Sn from 100 to 700 K using Sn. An excess amount of Mg was added to compensate for evaporation. The elements were mixed in Al 2 O 3 crucibles with lids and reacted at $1673 K for less than 15 min in an induction furnace under a helium pressure of 0.7 MPa. The ingots produced were then crushed and ground to powders. After ball milling, the powders were densified by spark plasma sintering. Details about the sample preparation are given by Søndergaard et al. (2013a) .
Synchrotron X-ray powder diffraction measurement
High-resolution synchrotron powder X-ray diffraction (PXRD) data were measured using a large Debye-Scherrer camera with an image plate (IP) detector at the BL44B2 beamline of SPring-8 (Kato et al., 2010; Kato & Tanaka, 2016) . The incident X-ray wavelengths were calibrated using PXRD data of a NIST CeO 2 standard sample [a = 5.411651 (6) Å ]. The calibrated wavelengths were 0.49935 and 0.49961 Å for measurements at low temperatures and high temperatures, respectively. All data were collected from 2 = 2.5-77 with a step of 0.01 . The collimator sizes were 0.5 mm Â 3.0 mm and 0.5 mm Â 1.0 mm for low temperature (LT) and high temperature (HT), respectively. The powder samples were packed in 0.2 mm glass and quartz capillaries for LT and HT, respectively, after size selection using a powder floating technique. The LT data were collected from 100 to 300 K with 50 K intervals using a nitrogen flow cooler. The HT data were collected from 300 to 700 K with 50 K intervals for the first cycle, at 300 and 700 K for the second cycle, and finally at 300 K on an IP using a nitrogen flow heater. PXRD data of Cu, which previously had been used for temperature calibration (Wahlberg et al., 2016) , were also measured to confirm sample temperatures.
Data analysis
The PXRD data were analyzed by Rietveld refinements using program Synchrotron Powder (Nishibori et al., 2007) . ) site and Si/Sn is at the 4a (0, 0, 0) site, illustrated using CrystalMaker (Palmer, 2014) . The site symmetries of Mg and Si/Sn are " 4 43m and m " 3 3m, respectively, and therefore their ADPs are isotropic in the harmonic approximation. The refinements were carried out with full site occupancy using a pseudo-Voigt peak profile (two parameters) with three half-width parameters, a peak shift within 0.01 (one parameter) and peak asymmetry (two parameters). The background was treated by a 12th-order polynomial with extra Pearson VII distributions. Anomalous scattering factors were taken from the Sasaki table (Sasaki, 1989) .
The ADPs were fitted to a Debye model (Willis & Pryor, 1975; Bentien et al., 2005) 
where T is the temperature, Â D is the Debye temperature, m is the mass of the atom, k B is the Boltzmann constant, h -is the reduced Planck constant and d 2 is a disorder parameter. Although the Debye expression is given for a monoatomic cubic crystal, it has been applied to more complicated materials to obtain useful information (Bentien et al., 2005; Blichfeld & Iversen, 2015; Sist et al., 2016) . The fits to the integral Debye expression were performed using a program written by Blichfeld (2016). 3. Results and discussion 3.1. Confirmation of sample temperatures using copper Fig. 2(a) shows the temperature dependence of the lattice parameters of Cu obtained from Rietveld refinement. The obtained lattice parameters were compared with those calculated using the thermal expansion from 20 to 800 K reported by Hahn (1970) . The reported equation for the thermal expansion from 243 to 800 K was extended above 800 K for comparison in Fig. 2(a) . In the calculation, the experimental lattice parameters of 3.614116 (5) and 3.615305 (6) Å at 300 K were used for LT and HT, respectively. There is 0.001 Å difference at 300 K between the lattice parameters for LT and HT. Such minor systematic differences between the LT and HT experimental procedure have been noted before for the The crystal structure of Mg 2 Si and Mg 2 Sn. Yellow and blue spheres represent Mg and Si/Sn atoms, respectively. present diffractometer setup (Skovsen et al., 2010; Kastbjerg et al., 2013) . The obtained lattice parameters agree with those calculated using the reported thermal expansion. Fig. 2(b) shows the U iso values of Cu obtained from Rietveld refinement using LT data from 100 to 300 K and HT data from 300 to 750 K, which cover the temperature range for measurements of Mg 2 Si and Mg 2 Sn. A Debye temperature of Â D = 310 (3) K is obtained from a fit to the Debye model. This Debye temperature is in good agreement with the reported values, e.g. Â D = 313 (3) K (Butt et al., 1988) . The lattice parameters and ADPs of Cu confirm that the estimated sample temperatures are accurate. Fig. 3 shows the PXRD patterns of Mg 2 Si and Mg 2 Sn measured at 100 and 700 K. In the Mg 2 Si sample for LT measurements, tiny amounts of Al (space group: Fm " 3 3m) and Si (space group: Fd " 3 3m) were found as impurities. The weight fractions of Mg 2 Si, Al and Si are estimated as 99.2%, 0.3% and 0.5%, respectively, using the equation proposed by Hill & Howard (1987) . It may be noted that such minute amounts of impurities are only detected due to the high intensity of the synchrotron beam and the excellent signal-to-noise ratio of the data. In the Mg 2 Si HT sample, only Al was found as an impurity with a weight fraction of 0.3%. In the case of Mg 2 Sn, an Sn impurity (space group: I4 1 =amd) with the weight fraction of 3% was refined which, however, completely disappeared between 500 and 550 K data because of the melting point at 505 K. The impurities were treated as second and research papers third phases in the Rietveld refinements. In addition, broad diffraction peaks of MgO (space group: Fm " 3 3m) grow gradually as the temperature increases. The broad MgO peaks were treated as background in the refinements. The details of the refined structural parameters are given in the CIF and the supporting information files. Fig. 4 shows the refined lattice parameters of Mg 2 Si and Mg 2 Sn as a function of temperature. The lattice parameters increase almost linearly in the whole temperature range. Table 1 shows firstand second-degree polynomial fitting results. The lattice parameter of Mg 2 Si is in good agreement with that reported using PXRD by Imai et al. (2015) with the exception of the coefficient of T 2 . It is known that the thermal expansion coefficient changes a lot in the low-temperature range (Ganeshan et al., 2010) . Therefore, the difference of one order of magnitude in the coefficient of T 2 is attributed to the temperature ranges, which are from 100 to 700 K in this study, and from 293 to 873 K in the study by Imai et al. (2015) . The obtained lattice parameter of Mg 2 Sn agrees with the reported experimental values (Anastassakis & Hawranek, 1972; Clark et al., 1997; Janot et al., 2006) .
Structural refinement of Mg 2 Si and Mg 2 Sn
The thermal expansion coefficients of the lattice parameters at 300 K are estimated as = 1.53 (3) Â 10 À5 and 1.70 (3) Â 10 À5 K À1 for Mg 2 Si and Mg 2 Sn, respectively. In Table 1 , the obtained thermal expansion coefficients are compared with previously reported values. The thermal expansion coefficient of Mg 2 Si agrees well with that reported recently by Imai et al. (2015) , which is larger than = 1.09 K À1 reported by Gerstein et al. (1967) . The thermal expansion coefficient of Mg 2 Sn is close to that obtained theoretically by Ganeshan et al. (2010) , which is larger than = 0.99 K À1 reported by Jelinek et al. (1967) Table 1 Lattice parameters, a, as a function of temperature, and thermal expansion coefficients, a , of Mg 2 Si and Mg 2 Sn. the fact that Sn-rich samples have larger thermal expansion coefficients than Si-rich samples in Mg 2 Si x Sn 1Àx solid solutions (Søndergaard et al., 2013a (Søndergaard et al., , 2013b . Fig. 5 shows refined U iso of Mg 2 Si and Mg 2 Sn as a function of temperature. U iso (Mg) > U iso (Si/Sn) can be understood by considering that U is inversely proportional to atomic mass (Willis & Pryor, 1975) . On the other hand, the fact that U iso (Mg in Mg 2 Sn) > U iso (Mg in Mg 2 Si) cannot be explained by atomic mass but must relate to differences in the chemical bonding in the two structures. The larger vibration in Mg 2 Sn indicates weaker bonding than in Mg 2 Si. This is further supported by U iso (Sn) > U iso (Si) even though Sn is much more heavy than Si. The ADPs thus indicate that Mg 2 Si is harder than Mg 2 Sn, which is consistent with the Vickers hardness (Kevorkijan & Š kapin, 2011) . A complete analysis of the chemical bonding of Mg 2 Si and Mg 2 Sn is clearly of interest. Table 2 shows the Debye temperatures obtained by fitting the Debye expression to the experimental ADPs. The obtained averaged Debye temperatures agree with those estimated from heat capacity measurements Jelinek et al., 1967) . The disorder parameters d 2 are almost zero within three sigma except for d 2 = 0.0011 (1) for Si. The disorder parameter for Si may indicate the presence of slight static disorder, but it is difficult to firmly establish minute disorder only using the fitted disorder parameter (Bentien et al., 2005) .
Atomic displacement parameters of Mg 2 Si and Mg 2 Sn

Heating cycle
Figs. 6(a) and 6(b) shows the lattice parameters at 300 and 700 K for each heating cycle. After the first heating cycle, the lattice parameters at 300 K become larger than those before heating for both of Mg 2 Si and Mg 2 Sn. On the other hand, the changes in the lattice parameters are relatively small at 700 K. The lattice expansion at 300 K after the first heating may be attributed to a decrease in vacancy concentration by heating. Fig. 6(c) shows the full widths at half-maximum (FWHM) of the 220 and 111 peaks for Mg 2 Si and Mg 2 Sn, respectively. The peak widths at 300 K become sharper after the first heating cycle, indicating that strain is reduced in Mg 2 Si and Mg 2 Sn. These structural changes can be understood as an annealing effect. In spite of the lattice expansion at 300 K after annealing, the linear thermal expansion coefficients after annealing are estimated to be almost the same values as for the first heating cycle. Therefore, the observed annealing effect presumably is not of consequence in the development of thermoelectric modules.
Conclusion
The thermal expansion and ADPs of Mg 2 Si and Mg 2 Sn have been investigated in the temperature range from 100 to 700 K by means of high-resolution synchrotron powder X-ray diffraction. The sample temperatures, which are important for a multi-temperature structural study, were confirmed using synchrotron PXRD data of copper. Precise lattice parameters were obtained and fitted to second-order polynomials in the temperature range of 100 to 700 K yielding a = 6.3272 (4) + 6.5 (2) Â 10 À5 T + 4.0 (3) Â 10
À8
T 2 Å and a = 6.7323 (7) + 8.5 (4) Â 10 À5 T + 3.8 (5) Â 10 À8 T 2 Å for Mg 2 Si and Mg 2 Sn, respectively. The linear thermal expansion coefficients at 300 K were estimated to be 1.53 (3) Â 10 À5 and 1.70 (3) Â 10 À5 K À1 for Mg 2 Si and Mg 2 Sn, respectively. These values are consistent with the previously reported values, but more accurate in the temperature range of 100 to 700 K. The obtained ADPs were fitted to the Debye model and Debye temperatures for the averaged ADPs are 425 (2) and 243 (2) K for Mg 2 Si and Mg 2 Sn, respectively. These values are in agreement with those determined from modelling heat capacity data. The fact that the ADPs for Mg 2 Sn are larger than those for Mg 2 Si reflect differences in chemical bonding with weaker Mg-Sn interaction compared with Mg-Si. An annealing effect was observed on the lattice parameters and the diffraction peak widths of Mg 2 Si and Mg 2 Sn, which presumably originates from changes in defects.
